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Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as °C=(°F-32)/1.8 the Wichita well field. Groundwater levels reached a historical minimum in 1993 because of drought conditions, irrigation, and the city of Wichita's withdrawals from the aquifer. In 1993, the city of Wichita adopted the Integrated Local Water Supply Program to ensure that Wichita's water needs would be met through the year 2050 and beyond as part of its efforts to manage the part of the Equus Beds aquifer Wichita uses. A key component of the Integrated Local Water Supply Program was the Equus Beds Aquifer Storage and Recovery project. The Aquifer Storage and Recovery project's goal is to store and eventually recover groundwater and help protect the Equus Beds aquifer from oil-field brine water near Burrton, Kansas, and saline water from the Arkansas River. Since 1940, the U.S. Geological Survey has monitored groundwater levels and storage-volume changes in the Equus Beds aquifer to provide data to the city of Wichita in order to better manage its water supply.
Groundwater mostly flowed from west to east in the shallow and deep parts of the Equus Beds aquifer in January 2015. A large area of declines greater than 10 feet in the shallow part of the Equus Beds aquifer from predevelopment (before substantial pumpage began in the area in September 1940) to January 2015 covered most of the central part of the study area, where the city of Wichita well field is located, and extended beyond it. Groundwater-level rises of greater than 10 feet from 1993 (the historical minimum groundwater levels) to January 2015 covered most of the central part of the study area in the shallow and deep parts of the Equus Beds aquifer; rises of greater than 20 feet mostly were within the north-central part of the study area. The 1993 to January 2015 recovery of storage volume previously lost from predevelopment to 1993 was about 46 percent (55,200 acre-feet) for the central part of the study area and the percentage recovery was larger than the 31 percent (59,800 acre-feet) recovery for the entire study area. Groundwater-level rises and the larger percentage recovery of storage volume in the central part of the study area was most likely a result of the city of Wichita adopting the Integrated Local Water Supply Program strategy which reduced Wichita's pumpage from the Equus Beds aquifer in 2014 to the smallest amount since 1940. January 2015 storage volumes were about 96 percent (3,057,000 acre-feet) and 94 percent (960,000 acre-feet) of total aquifer storage for the study area and the central part of the study area, respectively.
Groundwater levels from January 2014 to January 2015 in the central part of the study area rose about 3 feet in some places, probably because Wichita reduced its withdrawals from the aquifer in 2014 by more than 50 percent. Groundwater levels probably recovered less than anticipated because of decreased recharge and net groundwater flow and increased agricultural pumpage. A volumetric water budget for the central part of the study area between 2013 and 2014 showed that the substantial decrease in total pumping (10,412 acrefeet) did not result in an increase in storage volume because it was more than offset by decreased recharge (6,502 acre-feet; artificial and from precipitation) and an even greater decrease in net groundwater flow (11,710 acre-feet).
Introduction
Development of the Wichita well field began in the 1940s in the Equus Beds aquifer to provide Wichita, the largest city in the State of Kansas, a new water-supply source ( fig. 1 ; Williams and Lohman, 1949; Gibson, 1998; U.S. Census Bureau, 2012) . The Wichita well field is located in southwest Harvey County and northwest Sedgwick County, Kansas, in an agricultural area; as such, the other primary use of water from the Equus Beds aquifer is for crop irrigation (Kansas Geological Survey and Kansas Department of Agriculture, 2015) . After the Wichita well field's development began, groundwater levels in the Equus Beds aquifer began to decline (Williams and Lohman, 1949) . Extensive development of irrigation wells began in the 1970s (Kansas Geological Survey and Kansas Department of Agriculture, 2015) . Groundwater levels substantially declined in the Equus Beds aquifer because of city and irrigation withdrawals. As groundwater levels in the Equus Beds aquifer declined, the volume of water stored in the aquifer decreased, which reduced the amount of water available to supply Wichita's future needs. Groundwater-level declines are likely to cause movement or increased movement of brine from past oil and gas production near Burrton, Kans., and natural saline water from the Arkansas River ( fig. 1 ) into the Wichita well field by increasing the hydraulic gradient toward the well field as groundwater-levels decline within it. Further movement into the Wichita well field of oil-field brine from Burrton, Kans., and saline water from the Arkansas River may limit use or require treatment of water from the Equus Beds aquifer for public supply and irrigation uses (Ziegler and others, 2010) . Since 1940, the U.S. Geological Survey (USGS), in cooperation with the city of Wichita, has monitored groundwater levels and resulting storage-volume changes in the Equus Beds aquifer to provide data to the city of Wichita to enable Wichita to more effectively manage its water supply.
Groundwater levels reached a historical minimum in 1993 because of drought conditions, irrigation, and Wichita's withdrawals from the aquifer. This prompted Wichita to adopt, in 1993, the Integrated Local Water Supply Program (ILWSP) to ensure that water needs would be met through 2050 and beyond (City of Wichita, 2008 , 2013 Desilva and Ary, 2011; Warren and others, 1995) . The ILWSP includes the following strategies to increase the long-term (more than 50 years) sustainability of the Equus Beds aquifer: reliance on water sources other than the Equus Beds aquifer ( fig. 1 ; for example, Cheney Reservoir), conservation encouragement, and development of the Equus Beds Aquifer Storage and Recovery (ASR) project with a designed artificial-recharge capacity of as much as 100 million gallons per day (Mgal/d) (City of Wichita, 2008 Wichita, , 2013 Desilva and Ary, 2011) . The Equus Beds ASR project's goal is to store and eventually recover groundwater and help protect the aquifer from oil-field brine contaminated waters near Burrton, Kans., and saline waters from the Arkansas River ( fig. 1 ; Ziegler and others, 2010) . The Equus Beds ASR project diverts water from the Little Arkansas River and recharges it into the Equus Beds aquifer ( fig. 1 ; City of Wichita, 2013) . The artificial-recharge water is pumped either from the Little Arkansas River directly or from wells along the riverbank that obtain their water from the river by induced infiltration ( fig. 1 ; City of Wichita, 2013) . Phase I, which began operation in 2007, treats water pumped directly from the Little Arkansas River to reduce sediment and remove atrazine before it is recharged to the Equus Beds aquifer through recharge basins. Water pumped from riverbank wells does not receive additional treatment before it is recharged (Debra Ary, city of Wichita, written commun., 2012). For Phase II, which began operation in 2013, water is pumped from the Little Arkansas River, treated using ultrafiltration membranes and advanced oxidation techniques, delivered to recharge basins or recharge wells located throughout the Wichita well field, and then stored in the Equus Beds aquifer for future use (Debra Ary, city of Wichita, written commun., 2012).
Purpose and Scope
The purpose of this report is to present the groundwater levels and storage volumes in the Equus Beds aquifer in and around the Wichita well field northwest of Wichita in January 2015. Measured and estimated groundwater levels, and aquifer storage volumes, are presented in tabular form. Potentiometric-surface maps illustrate the groundwater levels in the shallow and deep parts of the Equus Beds aquifer. Potentiometricsurface maps are used to determine the groundwater-level and storage-volume changes in the aquifer since predevelopment (before substantial pumpage began in the area in September 1940) and since 1993 (the historical minimum groundwater levels). Historical precipitation and water-use information are presented. Information in this report can be used to document effects and improve understanding of water-resource management practices on the water supply in the Equus Beds aquifer, which is an important source of water for the city of Wichita.
Description of Study Area
The study area is located in the Equus Beds aquifer northwest of Wichita in Harvey and Sedgwick Counties, Kans., and between the Arkansas and Little Arkansas Rivers ( fig. 1 ). The Equus Beds aquifer is the easternmost extent of the High Plains aquifer in Kansas ( fig. 1 ; Stullken and others, 1985; Hansen and Aucott, 2001 ) and consists of sand and gravel interbedded with clay or silt (Lane and Miller, 1965; Myers and others, 1996) . An area of sand dunes is located north of U.S. Highway 50 and south of the Little Arkansas River in the study area ( fig. 1 ). The thick clay units that lie beneath the sand dunes restrict water movement and create confined (or semiconfined) conditions in the deep part of the Equus Beds aquifer (Kelly and others, 2013) . The semiconfined conditions have resulted in groundwater-level and water-quality differences between the shallow and deep parts of the Equus Beds aquifer in this area (Stramel, 1956; Whittemore, 2007 Whittemore, , 2012 Ziegler and others, 2010) . Hansen and others (2014) provide a detailed description of the study area hydrogeology.
South-central Kansas, which includes the study area, is located in the eighth climate division of Kansas and characterized as a continental climate (National Oceanic and Atmospheric Administration, 2015). The study area is known for large variations in seasonal temperatures, precipitation, wind speed, and wind direction. The long-term average temperature based on the normal climate (1981 through 2010) ranged from 32.2 degrees Fahrenheit (°F) in January to 81.1 °F in July (National Oceanic and Atmospheric Administration, 2015) . The long-term (1940 through 2014) annual average precipitation at weather stations in or near the study area (at or near Hansen and others, 2014; and Tappa and others, 2015) . IW36  IW35  IW37   IW38   IW32  IW30  IW34  IW31   IW33   IW28  IW27  IW29  IW25  IW24   IW26   IW19  IW23  IW22  IW21  IW20   IW18   IW14   IW17  IW16  IW15  IW13   IW11  IW12  IW09  IW10  IW08   IW07   IW04  IW06  IW05 IW05   IW03  IW03  IW02 IW02   IW01 
Previous Studies
The Equus Beds aquifer ( fig. 1 ) has been extensively studied because it is a water source for the city of Wichita, agriculture, and local industries. The USGS has provided the city of Wichita with status of groundwater levels and storage updates since the late 1940s (Williams and Lohman, 1949; Stramel, 1956; Stramel, 1967; Aucott and others, 1998) . Kelly and others (2013) developed a model to simulate groundwater flow in the Equus Beds aquifer, Klager and others (2014) simulated chloride transport in the aquifer, Hansen and others (2014) described recent (2012 to 2014) groundwater-level and storage-volume changes in the aquifer, and Tappa and others (2015) described baseline water quality and the effects of artificial recharge on aquifer water quality. These reports include more exhaustive lists of previous studies.
Methods
This section describes methods used to determine the shallow and deep parts of the Equus Beds aquifer. Sources for measured groundwater, surface-water levels, precipitation, water-use data, and estimates of specific yield are discussed or displayed. Procedures to compute and estimate changes in groundwater levels and storage volumes are described. Data quality and limitations are also discussed. Parts of this section are taken verbatim from Hansen and others (2014) .
Shallow and Deep Parts of the Equus Beds Aquifer
According to Hansen and others (2014, p. 7) , "wells completed and screened in the Equus Beds aquifer were assigned to either the shallow or deep parts of the aquifer based on the depth of the bottom of the well casing or screened intervals to describe differences between the water levels of the different parts of the Equus Beds aquifer." Assignments were based on the Equus Beds Groundwater Management District Number 2 (GMD2) aquifer zone designations, and on well-completion and screen depths. The GMD2 has determined as many as four aquifer zones (designated AA, A, B, and C in order of increasing aquifer depth). These zones have clay layers in between that separate the zones (Tim Boese, Equus Beds Groundwater Management District Number 2, written commun., 2009). Zones A, B, and C are similar to upper, middle, and lower aquifer layers determined by Myers and others (1996) . For the purpose of this report, wells designated by the GMD2 as completed in zones A and C were assigned to the shallow and deep parts of the Equus Beds aquifer, respectively. Hansen and others (2014, p. 7) stated, "a few wells designated by GMD2 as being in zone B that were deemed to be in the same zone as nearby basin storage area deep index wells were used to supplement interpretation of the deep water-level altitude maps."
Most monitoring wells of the city of Wichita have not been assigned to GMD2 zones, and some of these monitoring wells are located in clusters. Hansen and others (2014, p. 7) also stated, "the shallower of the wells in each city well cluster was assumed to be in and assigned to the shallow part of the Equus Beds aquifer; the deeper of the wells in each city well cluster was assumed to be in and assigned to the deep part of the Equus Beds aquifer." Ziegler and others (2010) used a depth of 80 feet (ft) as the dividing point between the shallow and deep parts of the Equus Beds aquifer. Hansen (2011) determined this to be a good threshold for separating the shallow and deep parts of the Equus Beds aquifer for wells that were not in clusters. Hansen and others (2014) provide a more detailed description on the division of aquifer parts.
Groundwater Levels
Annually, in the month of January, a groundwater-levelmeasurement effort is completed by the city of Wichita, GMD2, and USGS throughout the study area to best represent static conditions of the Equus Beds aquifer. Because January groundwater levels are expected to be as close to static conditions as possible, groundwater levels measured in January were given preference for this report (Hansen and others, 2014) . All basin storage area index well (IW) ( fig. 1 ) measurements were included in this report. Groundwater levels in the Equus Beds aquifer have been monitored by the city of Kansas, 1938 Kansas, -2014 . A, average annual precipitation for weather stations in or near Bentley, Halstead, Hutchinson, Mount Hope, Newton, Sedgewick, and Wichita, Kansas; 5-year running average of annual mean precipitation; and long-term average annual precipitation (National Oceanic Atmospheric Administration, 2015) . B, water use for the city of Wichita public supply and agricultural irrigation (Wichita Water Department, [1959?]; Stramel, 1956 Stramel, , 1967 1978 1973 2013 2008 2003 1993 1988 1998 1983 1968 1938 1943 1948 1953 1958 1963 1978 1973 2013 2008 2003 1993 1988 1998 1983 1968 1938 1943 1948 1953 1958 1963 
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Groundwater-Level Measurements
Groundwater levels were measured January 5-30, 2015. A total of 360 wells were measured and include 191 historic city of Wichita monitoring or production wells (or their replacements), 76 IWs, 39 Phase I and II monitoring wells, and 54 wells monitored by GMD2. These data were used to represent static groundwater-level conditions for January 2015 in the shallow and deep parts of the Equus Beds aquifer in the study area. Additional groundwater levels from historic city of Wichita monitoring wells and GMD2 monitoring wells in the shallow and deep parts of the Equus Beds aquifer outside of the study area were used to improve analyses near the boundaries of the study area (Hansen and others, 2014) . These wells outside of the study area are not presented in this report. Groundwater levels were measured by personnel from the USGS, GMD2, and city of Wichita. According to Hansen and others (2014, p. 8) , "all agencies used standard water-level 
Data Quality and Limitations
Hansen and others (2014, p. 8) stated, "most of the water-level data used in this report were collected for other purposes by the city of Wichita and GMD2. The quality of the water-level data for each well was evaluated by examining hydrographs summarizing all water-level data for each well." Measurements were rounded to the nearest hundredth of a foot for this report. January 2015 potentiometric-surface maps represent as close to static conditions as possible. Groundwaterlevel measurements that depicted conditions other than static were not used in this report. Groundwater levels that were noted as being from recent (within the previous week) pumping wells or near recent pumping wells were not used (Hansen and others, 2014) . Groundwater levels may have changed since groundwater levels were measured for this report.
Rasters, which are areal grids with a value assigned to all individual cells, were interpolated from point data derived from measured groundwater levels. Point data are interpolated by algorithms used by a geographic information system (GIS) to make the rasters (Esri, 2014b) . A raster cell size of 10 meters (m) by 10 m was used to reduce error potential. Contours generated from rasters required slight manual modification to better represent measured point data. Hansen and others (2014, p. 8) stated, "as a result, the value of the raster may not exactly match a measured value at the same location."
Water-Level Altitudes
Potentiometric surface is defined by Lohman (1972, p. 8) in relation to an aquifer as, "the levels to which water will rise in tightly cased wells." Water-level altitudes used in this report are either stored in NWIS or computed by subtracting the depth to water below the land surface from the land-surface altitude. Land-surface altitudes at wells are those stored in NWIS or WIZARD (Hansen and others, 2014) . Land-surface altitudes referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29) previously were converted to North American Vertical Datum 88 (NAVD 88) by Hansen and others (2013, 2014) ; all water-level altitudes are referenced to the NAVD 88. Predevelopment (generally before 1940 when substantial pumpage began in the study area) and 1993 (the historical minimum groundwater levels) water-level altitudes used in this report were measured or interpolated by Hansen and others (2013) , or were determined from the rasters used by Hansen and others (2013) . The interpolated water-level altitude was determined by intersecting the well's location with the appropriate raster (predevelopment, 1993 (predevelopment, , or January 2014 of the potentiometric surface of the appropriate part of the Equus Beds aquifer constructed by Hansen and others (2013) or made for this report and applying the water-level altitude of the raster at that location to the well (Hansen and others, 2014) . Measured and interpolated water-level altitudes used for this report are included in table 1-1 in the appendix.
"Surface-water altitudes from six streamgages and two low-head dams were used as additional data points to adjust contours of the shallow part of the Equus Beds aquifer" according to Hansen and others (2014, p. 9 ) ( fig. 1 ; table 1). Average daily surface-water altitudes for mid-January were used as additional data points. These values were obtained from NWIS for the streamgages (U.S. Geological Survey, 2015b). The altitudes of the tops of the two low-head dams were used as the surface-water altitude at the dams (Trudy Bennett, U.S. Geological Survey, written commun., 2009). Water-level altitudes were entered into ArcGIS, and rasters were created using the "Topo to Raster" tool in ArcGIS (Esri, 2014b) . Separate rasters were created for the shallow and deep parts of the Equus Beds aquifer. Contours, with a 5-ft interval, were created from the rasters using the "Contour" tool in ArcGIS (Esri, 2014a) . Contours were manually modified as needed to better match the measured water-level altitudes. Water-level altitude contour constraints used in this report are similar to those used by Hansen and others (2014) and included the following: all contours remained below the land surface with exceptions at known surface-water locations, contours for the deep part of the Equus Beds aquifer would remain below those for the shallow part except where measurements from clustered wells indicated otherwise or streams were gaining, and 1993 contours for the shallow and deep parts were used as guides to help place 2015 contours (Hansen and others, 2013) . New rasters were created using measured values and revised contours; these rasters were used to estimate groundwater-level and storage-volume changes in the study area.
Groundwater-Level Change
Groundwater-level change maps used in this report were developed using methods described in detail in Hansen and others (2013) . Existing potentiometric surfaces (1993 and January 2014) and a newly created predevelopment surface for the shallow part of the Equus Beds aquifer were subtracted from newly created potentiometric surfaces for January 2015 for the shallow part of the Equus Beds aquifer. An existing potentiometric surface for 1993 in the deep part of the Equus Beds aquifer was subtracted from a newly created potentiometric surface for January 2015 for the deep part of the Equus Beds aquifer. Differences in water-level-altitude measurements between each period were computed and displayed using rasters. Contours, with 5-ft intervals, were created using the computed differences, and contour revisions were made manually to better match measured data. Average groundwater-level change was computed in three ways: at wells with measurements for the periods, at wells with measurements for the end period (January 2015) and interpolated groundwater levels for the beginning of the period (predevelopment, 1993 (predevelopment, , January 2014 , and using the raster subtraction method.
Specific Yield
Specific yield is the ratio of the volume of water that the saturated rock or soil yields by gravity to the volume of rock or soil (Lohman, 1972) . Previous studies, including Hansen and others (2013, 2014) , used a specific yield value of 0.15 because the value was in the range of most estimates and matched the specific yield used by recent groundwater-flow and transport models of the Equus Beds aquifer (Kelly and others, 2013; Klager and others, 2014) . Hansen and others (2014, p. 10) stated, "specific yield may be used with the volume of water-level change in the unconfined part of the aquifer to estimate increases or decreases in available water in storage in the Equus Beds aquifer."
The Equus Beds aquifer is unconfined; however, some areas show semiconfined conditions due to the presence of clay layers. (Spinazola and others, 1985; Stramel, 1967) . If the shallow part of the Equus Beds aquifer is unconfined and the deep part is semiconfined to confined, the use of specific yield is only appropriate for the shallow part of the aquifer to estimate storage-volume change. A storage coefficient must be used to estimate the storage-volume change for the deep part of the aquifer where it is semiconfined or confined. Kelly and others (2013) used a specific yield of 0.15 where the Equus Bed aquifer was unconfined and a storage coefficient of 0.0005 where the Equus Beds aquifer was semiconfined to confined. According to Hansen and others (2014, p. 25) , "use of specific yield and water-level changes in the deep part of the Equus Beds aquifer where it is semiconfined to confined will overestimate the amount of storage-volume change by a factor close to 300. Therefore, although water-level changes in the deep part of the Equus Beds aquifer may be larger than those of the shallow part of the Equus Beds aquifer in semiconfined to confined areas, the contribution of the deep part to total storage-volume change will be small." Kelly and others (2013) state:
Use of groundwater-level changes that do not include storage changes that occur in confined or semi-confined parts of the aquifer will slightly underestimate storage changes; however, use of specific yield and groundwater-level changes to estimate storage change in confined or semiconfined parts of the aquifer will overestimate storage changes. Using only changes in shallow groundwater levels will provide more accurate storage changes for the measured groundwater-levels method. This leads to groundwater-level changes in the shallow part of the Equus Beds aquifer being more appropriate in determining changes in storage volume. Hansen and others (2014) and Kelly and others (2013) provide a detailed description of specific yield in the Equus Beds aquifer.
Total Aquifer Storage Volume
Total storage volume of the aquifer was estimated using the groundwater-flow model developed by Kelly and others (2013) . This model computed total storage volume by multiplying the predevelopment saturated thickness of the Equus Beds aquifer in each cell by the cell area, summing the volume of cells within a specified area, and then multiplying by a specific yield of 0.15. Total aquifer storage volume during predevelopment for the study area, basin storage area, and central part of the study area based on model results were 3,192,000, 2,400,000, and 1,025,000 acre-ft, respectively (Hansen and others, 2013) .
Aquifer Storage-Volume Change
Aquifer storage-volume change is the change in aquifer saturated thickness multiplied by the area of the aquifer containing the change multiplied by specific yield. This was determined using the "Map Algebra" tool in ArcGIS (Esri, 2014c) to subtract aquifer storage-volume change for the period of interest, for example January 2015, from the predevelopment aquifer storage volume. As noted by Hansen and others (2014) , the change in storage volume of the Equus Beds aquifer is estimated this way instead of by computing the difference between two total aquifer storage volumes because of the large uncertainty in the total aquifer storage volume, and the amount of storage-volume change to date (2015) is small compared to the total aquifer storage volume.
Storage-volume change was estimated for this report in two ways in order to check for accuracy of the estimations. One method for estimation subtracted the storage-volume change for the necessary time period's raster (January 2015 for example) from predevelopment or 1993 storage-volume change estimated by Hansen and others (2013) . Groundwaterlevel-change rasters also were used to estimate storage-volume change. The groundwater-level-change rasters were converted to contours, plotted with measured groundwater-level changes at the wells, and the contours were modified to conform to the measured groundwater-level changes and make hydrologic sense. Using modified contours, a new groundwaterlevel-change raster was created. The area of each cell of the groundwater-level-change raster was multiplied by the groundwater-level change for that cell; the resulting value for each cell was multiplied by a specific yield of 0.15 to estimate the storage-volume change in each raster cell. Storage-volume changes were summed over a given area (study area, basin storage area, or central part of the study area) to determine storage-volume change for that area using the "Zonal Statistics" tool in ArcGIS (Esri, 2014d) . Hansen and others (2014, p. 10) stated, "to avoid implying unsupported precision in the estimates of storage-volume change, the values were reported only to three significant figures."
Net Groundwater Flow
The net groundwater flow used in the volumetric water budget in this report was estimated by the following equation:
where Q GW is the net groundwater flow (inflow minus the outflow) in the central part of the study area; Δ S is the storage-volume change in the central part of the study area; P GW is the total groundwater pumping in the central part of the study area;
R p is the recharge from precipitation in the central part of the study area; and R A is the artificial recharge in the central part of the study area.
Storage-volume change was estimated from the water-level change map, total groundwater pumpage was calculated from the annual groundwater pumpage reported to the Kansas Department of Agriculture (Kansas Geological Survey and Kansas Department of Agriculture, 2015), recharge from precipitation was estimated as 17 percent of the actual annual precipitation (Kelly and others, 2013; National Oceanic and Atmospheric Administration, 2015) , and artificial recharge was calculated from the artificial recharge reported by the city of Wichita (U.S. Geological Survey, 2015a).
Potentiometric-Surface Maps, Predevelopment and January 2015
A potentiometric-surface map indicates the height of the water surface above a datum and direction of flow. The potentiometric surface in an unconfined aquifer is the water table. Water within the aquifer moves from higher to lower waterlevel altitudes. Water moves orthogonally to the potentiometric contours in the horizontal assuming a homogeneous and isotropic aquifer. When the groundwater level is higher in the shallow than in the deep part of the aquifer, water moves in a downward direction. Groundwater levels may be substantially different in the deep part versus the shallow part of the aquifer in confined or semiconfined aquifers. Efforts were made to include only static groundwater levels and wells completed in single parts of the Equus Beds aquifer for each map in this report.
Predevelopment
The previously published predevelopment potentiometric surface of the shallow part of the Equus Beds aquifer (Hansen and others, 2013) was revised because the value used for the predevelopment groundwater level at well P34AA was changed from the 1939 measurement to the April 1940 measurement. Examination of the groundwater levels in well P34AA, which is along the northern boundary of the study area ( fig. 4 ), shows these levels declined almost 30 ft from the measurements in 1939 (used for the predevelopment groundwater level by Williams and Lohman, 1939; and Hansen and others, 2013) to April 1940 and have never been recorded as recovering closer than within 15 ft of the 1939 level (U.S. Geological Survey, 2015b). This large decline over a short period with no supporting cause and lack of recovery to an equal level since then have led to doubt of the accuracy of the 1939 water level. For this reason, the April 1940 water level was used as the predevelopment (before substantial pumping began in the area) water level for well P34AA in this report and the predevelopment potentiometric-surface map was revised (fig. 4 ). The main difference between this revised predevelopment potentiometric surface map of the shallow part of the Equus Beds aquifer and that from Hansen and others (2013) was in the northwestern part of the study area where the contours between P34AA and P32AA were shifted southward, which decreased the size of the area of recharge and increased the hydraulic gradient toward P34AA.
January 2015
Potentiometric contours indicate that groundwater flow within the shallow part of the Equus Beds aquifer was mostly west to east in January 2015, which is common in the aquifer ( fig. 5 ; Hansen and others, 2014) . Groundwater levels in the shallow part of the aquifer ranged from about 1,470 ft in the northwest part of the study area to about 1,325 ft in the southeast part of the study area ( fig. 5) . Most of the study area had a depth to water in the shallow part of the Equus Beds aquifer greater than 10 ft ( fig. 6 ). An area of recharge in the shallow part of the Equus Beds aquifer can be seen in the northwest part of the study area as evidenced by the closed 1,465 and 1,470 potentiometric contours ( fig. 5 ). "The depth to water in the shallow part of the Equus Beds aquifer is greatest in the northwest part of the study area and the northern part of the central part of the study area ( fig. 6 ). Potentiometric contours show that groundwater flow generally was from west to east within the deep part of the Equus Beds aquifer in January 2015 ( fig. 7) . Groundwater levels in the deep part of the Equus Beds aquifer ranged from more than 1,440 ft in the west part of the study area to 1,325 ft in the southeast part of the study area ( fig. 7 ).
Groundwater-Level and StorageVolume Changes in the Equus Beds Aquifer
Comparing water-level altitudes between two time periods indicates the areal distribution and magnitude of groundwater-level rises and declines. The change in groundwater level multiplied by the specific yield estimates the areal distribution and magnitude of storage-volume changes in the Equus Beds aquifer. Average groundwater-level change for the study area, basin storage area, and central part of the study area from predevelopment (before substantial pumpage began in the area in September 1940) to January 2015 for the shallow part and from 1993 to January 2015 for the shallow and deep parts of the Equus Bed aquifer are provided in table 2. The low predevelopment data density did not allow computation of average groundwater-level change since predevelopment for the deep part of the Equus Beds aquifer (Hansen and others, 2013) . Most of the water coming out of storage is from the unconfined (shallow) part of the aquifer. In aquifers that are semiconfined to confined, water coming out of storage is from expansion of water and aquifer compression rather than dewatering of the aquifer (Heath, 1983) .
Predevelopment to January 2015
Groundwater levels mostly declined in the shallow part of the aquifer from predevelopment to January 2015 in the study area, basin storage area, and central part of the study area ( figs. 8 and 9) . Average groundwater-level declines from predevelopment to January 2015 in the shallow part of the aquifer were greater in the central part of the study area than in either the basin storage area or the entire study area (table 2) . A large area of declines of greater than 10 ft in the shallow part of the aquifer covered most of the central part of the study area, and extended beyond it to the north and west where there were declines greater than 20 ft. Another area of declines greater than 10 ft from predevelopment to January 2015 in the shallow part of the aquifer was in the extreme northwest corner of the study area ( fig. 9 ). Because the area of decline greater than 20 ft is outside the central part of the study area (where city of Wichita pumpage happens), it probably was not caused by city pumpage from the Equus Beds aquifer. An area of groundwater-level rise from predevelopment to January 2015 is in the northwest corner of the study area near IW01A ( fig. 9 ). This area of groundwater-level rise may be partly an artifact of the predevelopment and January 2015 potentiometric-surface contours and rasters used to make the predevelopment to January 2015 water-level change map because the area contains few measured wells and none with predevelopment and January 2015 measured values.
Study-area storage volume from predevelopment to January 2015 decreased about 135,000 acre-ft (table 2). The study-area storage-volume decrease from predevelopment to January 2015 represents a 4 percent loss of total aquifer storage volume (table 2). The central part of the study area accounted for about 46 percent of the predevelopment to January 2015 storage-volume decrease in the study area (table 2). The current (2015) remaining storage volume of the Equus Beds aquifer in the central part of the study area was estimated to be about 960,000 acre-ft, which was less than the previous year's estimation of about 962,000 acre-ft (Hansen and others, 2014) . A more detailed numeric breakdown of the storage volume and differences is provided in table 2. Storage-volume changes since predevelopment in the shallow part of the Equus Beds aquifer in the study area and basin storage area have been recovering some of the storage volume that was lost in the past few years (figs. 8 and 9); though in the central part of the study area storage-volume changes have remained roughly consistent in the past few years (figs. 8 and 9). 
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to January 2015
Groundwater levels in the entire study area, with minor exceptions, rose or remained similar to groundwater levels in 1993 for the period from 1993 to January 2015 in the shallow part of the Equus Beds aquifer ( fig. 10) . Likewise, groundwater levels in the entire study area rose or remained similar to groundwater levels in 1993 for the period from 1993 to January 2015 in the deep part of the Equus Beds aquifer (fig. 11) . Average groundwater-level rises from 1993 to January 2015 in the shallow and deep parts of the aquifer were greater in the central part of the study area than in either the basin storage area or the entire study area (table 2) . Groundwater-level rises of greater than 10 ft from 1993 to January 2015 covered most of the central part of the study area in the shallow and deep parts of the aquifer (figs. 10 and 11). Rises greater than 20 ft in the shallow and deep parts of the aquifer mostly were within the north-central part of the study area (figs. 10 and 11). Groundwater levels declined at least 10 ft near well IW02A and around well P32AA in the northwest part of the study area in the shallow part of the Equus Beds aquifer from 1993 to January 2015 ( fig. 10 ). Declines in the study area were all less than 10 ft in the deep part of the Equus Beds aquifer from 1993 to January 2015 ( fig. 11 ). Rises in groundwater levels from 1993 to January 2015 in the central part of the study area in the shallow and deep parts of the aquifer were most likely the result of the city of Wichita adopting the ILWSP strategy in 1993 that decreased the amount of the city of Wichita's pumping from the Equus Beds aquifer in 2014 to the smallest amount since 1940 (figs. 2B and 3).
The increase in storage volume for the study area from 1993 to January 2015 was 59,800 acre-ft by the raster method (table 2) . This increase was equivalent to about 2 percent of the total amount of aquifer storage volume in the study area (3, 192 ,000 acre-ft) and a recovery of 31 percent of the storage volume previously lost from predevelopment (before substantial pumpage began in the area in September 1940 September ) to 1993 in the shallow part of the Equus Bed aquifer (table 2) . Storage volume in the central part of the study area increased by about 55,200 acre-ft from 1993 to January 2015 (table 2) . This increase was equivalent to about 5 percent of the total amount of aquifer storage volume in the central part of the study area (1,025,000 acre-ft; table 2). The 1993 to January 2015 recovery of storage volume previously lost from predevelopment to 1993 was about 46 percent (about 55,200 acre-ft) in the central part of the study area, which was a larger percentage recovery than in the basin storage area (37 percent or about 67,900 acre-ft) or the entire study area (31 percent or about 59,800 acre-ft; table 2). While much of the study area to the north, west, and south of the central part of the study area had groundwater-level declines from 1993 to January 2015, almost the entire central part of the study had rises ( fig. 10 ). The lack of declines in the central part of the study area from 1993 to January 2015 could account for the larger percent of recovery of storage volume previously lost from predevelopment to 1993 in the central part of the study area. This larger percentage recovery of storage volume in the central part of the study area from 1993 to January 2015 was most likely the result of the city of Wichita adopting the ILWSP strategy to sustain the Equus Beds aquifer by reducing Wichita's pumpage from the aquifer, which in 2014 was the smallest amount since 1940 ( fig. 2B ). January 2015 storage volumes in the study area and the central part of the study area were about 96 percent (3,057,000 acre-ft) and 94 percent (960,000 acre-ft) of their respective total aquifer storage volumes (table 2) . A more detailed numeric representation of the storage-volume changes is provided in table 2. Storagevolume changes since 1993 in the shallow part of the Equus Beds aquifer in the study area and the basin storage area have varied in the past few years ( fig. 8, table 2) . The central part of the study area decreased in storage volume from January 2012 to July 2012 and total variation has been within 11,000 acre-ft since ( fig. 8, table 2 ).
January 2014 to January 2015
Between January 2014 and January 2015, groundwater levels in the shallow part of the Equus Beds aquifer mostly declined throughout the study area except in some areas in the northern, central, and southern parts of the study area ( fig. 12) . The central part of the study area had groundwater-level rises of about 3 feet in some places. The city of Wichita decreased its withdrawals by more than 50 percent in the central part of the study area from about 21,400 acre-ft in 2013 to about 9,700 acre-ft in 2014 (figs. 2B and 3; Kansas Geological Survey and Kansas Department of Agriculture, 2015) . Other factors that could have affected the amount of water-level rises (and the amount of storage volume) in the central part of the study area are recharge from precipitation, artificial recharge, net groundwater flow into the area, and agricultural pumpage. Recharge commonly is positively correlated with precipitation; therefore recharge likely decreased in 2014 when precipitation was much less than average ( fig. 2A ). Artificial recharge did not change substantially from 2013 to 2014 (table 3) . Net groundwater flow into the area may have decreased as indicated by an average groundwater-level change from January 2014 to January 2015 that was less for the central part of the study area (-0.40 ft) than for the entire study area (-1.07 ft; table 2, based on the raster method since 1993), which probably resulted in reducing the hydraulic gradient on the upgradient side of the central part of the study area and amount of groundwater flow into the central part of the study area, and increasing the gradient on the downgradient side and amount of groundwater flow out of the central part of the study area. Agricultural pumpage increased inside and outside the study area (figs. 2B and 3; Kansas Geological Survey and Kansas Department of Agriculture, 2015) . As a result, groundwaterlevels probably recovered less in the central part of the study area than anticipated from the decreased Wichita withdrawals because of decreased recharge, decreased net groundwater flow, and increased agricultural pumpage. IW36A  IW35A  IW37A   IW38A   IW32A  IW30A  IW34A  IW31A   IW33A   IW28A   IW27A  IW29A  IW25A  IW24A   IW26A   IW19A   IW23A  IW22A  IW21A  IW20A  IW18A   IW14A   IW17A  IW16A  IW15A  IW13A   IW11A   IW12A  IW09A  IW10A   IW08A   IW07A   IW04A   IW06A  IW05A   IW03A   IW02A IW14C   IW15C   IW21C   IW24C  IW25C   IW26C   IW28C   IW29C   IW31C  IW32C   IW34C   IW36C  IW37C   IW03C   IW06C   IW07C   IW09C   IW18C   IW02C   IW10C   IW11C   IW12C   IW13C  IW16C  IW17C   IW19C   IW01C   IW20C  IW22C  IW23C   IW27C   IW30C   IW33C   IW35C   IW38C   IW04C   IW05C IW36A  IW35A  IW37A   IW38A   IW32A  IW30A  IW34A  IW31A   IW33A   IW28A   IW27A   IW29A  IW25A  IW24A   IW26A   IW19A   IW23A  IW22A  IW21A  IW20A   IW18A   IW14A   IW17A  IW16A  IW15A  IW13A   IW11A   IW12A  IW09A  IW10A   IW08A   IW07A   IW04A   IW06A  IW05A   IW03A   IW02A 
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A r k a n s a s R iv er A volumetric water budget can be used to calculate storage-volume change for the central part of the study area as the sum of recharge (artificial and from precipitation) and net groundwater flow minus the total groundwater pumpage from the area. Artificial recharge, recharge from precipitation, and net groundwater flow for the central part of the study area all decreased from 2013 to 2014 (table 3) . Groundwater withdrawals through pumping also decreased (table 3) because Wichita decreased withdrawals from the aquifer by more than 50 percent ( figs. 2B and 3) . The substantial decrease in total groundwater pumpage from 2013 to 2014 (about 10,412 acre-ft) did not result in an increase in storage volume because it was offset by decreased recharge (6,502 acre-ft) and an even greater decrease in net groundwater flow (11,710 acre-ft; table 3).
Summary
Development of the Wichita well field began in the 1940s in the Equus Beds aquifer to provide Wichita, the largest city in the State of Kansas, a new water-supply source. After development of the Wichita well field began, groundwater levels in the Equus Bed aquifer began to decline. Extensive development of irrigation wells began in the 1970s. Groundwater levels substantially declined in the Equus Beds aquifer because of city and irrigation withdrawals. Groundwater-level declines are likely to cause movement or increased movement of brine from past oil and gas production near Burrton, Kansas, and movement of natural saline water from the Arkansas River to the Wichita well field. Further movement of oil-field brine water from near Burrton, Kans., and saline water from the Arkansas River may limit use or require treatment of water from the aquifer for public supply and irrigation uses. Groundwater levels reached a historical minimum in 1993 because of drought conditions, irrigation, and city of Wichita withdrawals from the aquifer. This historical minimum in groundwater levels prompted Wichita to adopt the Integrated Local Water Supply Program (ILWSP) in 1993 to ensure that the city's water needs would be met through 2050 and beyond. A key component of the ILWSP is the Equus Beds Aquifer Storage and Recovery (ASR) project. The Equus Beds ASR project's goal is to store and eventually recover groundwater and help protect the aquifer from oil-field brine waters near Burrton, Kans., and saline water from the Arkansas River.
The previously published predevelopment potentiometric surface of the shallow part of the Equus Beds aquifer was revised because the value used for the predevelopment groundwater level at well P34AA was changed from the 1939 measurement to the April 1940 measurement. The main difference between the revised map and the previously published predevelopment map of the shallow part of the aquifer was in the northwestern part of the study area where the area of recharge was decreased in size and the hydraulic gradient increased toward well P34AA.
Groundwater mostly flowed from west to east in the shallow and deep parts of the Equus Beds aquifer in January 2015. The northwest part of the study area included an area of recharge in the shallow part of the Equus Beds aquifer. Average groundwater-level declines in the shallow part of the aquifer from predevelopment to January 2015 were greater in the central part of the study area than the entire study area. A large area of declines greater than 10 ft in the shallow part of the aquifer covered most of the central part of the study area and extended beyond it.
Groundwater-level changes in the shallow part of the aquifer from predevelopment to January 2015 indicated declines greater than 10 ft in the central part of the study area. Average groundwater-level rises from 1993 to January 2015 in the shallow and deep parts of the Equus Beds aquifer were greater in the central part of the study area than in the entire study area. Groundwater-level rises of greater than 10 ft from 1993 to January 2015 covered most of the central part of the study area in the shallow and deep parts of the aquifer; groundwater-level rises greater than 20 ft mostly were within the north-central part of the study area. Rises in groundwater levels from 1993 to 2015 in the central part of the study area in the shallow and deep parts of the aquifer were most likely the result of the adoption of the ILWSP strategy in 1993 by the city of Wichita, which decreased the amount of city pumpage (55,200 acre-feet) in the central part of the study area, which was a larger percent recovery than in the basin storage area (37 percent or 67,900 acre-feet) or the entire study area (31 percent or 59,800 acre-feet). This larger percentage recovery of storage volume in the central part of the study area was most likely a result of Wichita adopting the ILWSP strategy to reduce the city pumpage from the Equus Beds aquifer. January 2015 storage volumes in the study area and the central part of the study were about 96 percent (3,057,000 acre-feet) and 94 percent (960,000 acre-feet) of their respective total aquifer storage volumes.
Between January 2014 and January 2015, the shallow part of the Equus Beds aquifer in the central part of the study area had groundwater-level rises of about 3 feet in some places, probably because Wichita decreased its withdrawals from the aquifer in 2014 by more than 50 percent. Groundwater-levels probably recovered less than anticipated from the decreased Wichita withdrawals because of decreased recharge, decreased net groundwater flow, and increased agricultural pumpage. A volumetric water budget for the central part of the study area between 2013 and 2014 showed that the 10,412 acre-feet decrease in total pumping did not result in an increase in storage volume because it was more than offset by a 6,502 acre-feet decrease in recharge (artificial and from precipitation) and a 11,710 acre-feet decrease in net groundwater flow.
